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Doppler' Br'oadenmg in Absorption
and Backscatter Coefficients

[ It is accurate to say that absorption coefficient and backscatter
coefficient experience Doppler broadening. However, only statistically
averaged absorption and effective cross sections experience Doppler
broadening.

1 Absorption and effective cross sections for single atom/molecule
experience Doppler shift but not Doppler broadening.

J Absorption and total backscatter coefficients are given by

g.
Ay = O (N, _;Nk) ~ 0y, Pr = GeﬁRBNi

O Absorption coefficient o, total backscatter coefficient 5
d Absorption cross section 0, effective backscatter cross section O
O Population (number density) N. and N,
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Doppler Shift in Absorption and
Backscatter Cross Sections

O In principle, 0, is the cross section for single atom/molecule, so

0 (w) has a Lorentzian shape L(w, V)
Oy (w,v) =o0,L(w,v)

where L(w, v) is a Lorentzian shape and function of velocity v.

[ Single atom absorption/effective cross section experiences Doppler
shift, but it does NOT experience Doppler broadening. Single atom cross-
section has a Lorentzian shape with narrow natural linewidth, resulted
from the finite radiative lifetime of the excited states of atom/molecule.

N, can be written as the population distribution along velocity N.(v),
which is a Gaussian shape under Maxwellian distribution. Here N, is the
total population on energy level E;, and V; is the center radial velocity:

Ni (V,VR) = NOG(V,VR)

 Doppler broadening comes from the fact that different atoms have
different velocities in the atmosphere, so causing different Doppler shifts.
Averaging over all atoms, it leads to Doppler broadened Gaussian shape. 3
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Doppler Broadening on Absorption
and Backscatter Coefficients

4 «; is the convolution of a Lorentzian absorption cross section with a
Gaussian population distribution, which becomes a Voigt profile:

(@ V)= [ 04 (@ N, V)dv=0,N, [ L(wv)G(v,Vy)dv

 But it is common to shift all distribution factors to the absorption
cross section, and then N; will only count the total population.

Oieave =0, [ L@ V)G, Vy)dv=0,,

O In this case, it is now a cross section for the atom assembly (but
normalized to single molecule), not for single molecule anywhere.
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<) Doppler Broadening on Absorption
and Backscatter Coefficients

[ Considering the finite laser lineshape (instead of single frequency), the
effective absorption coefficient or total scatter coefficient is a
convolution of the atomic absorption coefficient with the laser line

shape : +00
P ﬁeff (CUL,C()O,A«) = f_oo aik (C(),C()O )gL (CU,CUL )RBA, da)

ﬁeﬁ(wb%,l)=fj:fj:cfik(a),v)Ni(v,VR)gL(a),a)L)dvda)
=N,o, [ [ LG Vy)g, (w0, )dvdw

J It is common to shift all distribution factors to the effective
backscatter cross section to form an effective cross section for the atom

assembly, and then N, will only count the total population.

Oy =0, [ [ Lv)GO.Vy)g, (@.0,)dvdo

+00

=] O .8 (w,w; )dw
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About Doppler-free Spectroscopy

1 In Doppler-free or sub-Doppler spectroscopy, we have fo use single
atom/molecule absorption cross section that is Lorentzian with different

velocity distributions of population to derive the sub-Doppler feature.

J How to defeat Doppler broadening to achieve Doppler-free
spectroscopy? — Choose a subgroup of atom velocity!

d Homogeneous broadening vs. inhomogeneous broadening

Subgy
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Doppler Technique to Measure
Temperature and Wind

J Doppler effect is commonly experienced by moving particles,
such as atoms, molecules, and aerosols. It is the apparent
frequency change of radiation that is perceived by the par’ricles
moving relative to the source of the radiation. Th|s is called
Doppler shift or Doppler frequency shift. (l"

[ Doppler frequency shift is proportional fo the rad|a| vel cﬂry ’U
along the line of sight (LOS) of the radiation - C/ﬁ),

Aw=w-w, = k¥ = -y (v/c)cost

= —_ _> -y :>
W = Wy k-v Av =-vy(v/c)cos = -(v/Ay)cosO

— -
where w, is the radiation frequency at rest, o is the shiffed e

frequency, k is the wave vector of the radiation (k=27/)\), and
v is the particle velocity.
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Doppler Technique

[ Due to particles’ thermal motions in the atmosphere, the distribution
of perceived frequencies for all particles mirrors their velocity
distribution. According to the Maxwellian velocity distribution (Gaussian),

Pvg = vp+dvg) = exp(—le,ze /2kBT)dvR

- Vv O)—O)O V—VO
w=wog+ k- V=wg 1+ = —>VR= =
C O()O/C Vo/C

J Substituting vy into the probability distribution, we obtain the power
spectral density distribution (i.e., intensity versus the perceived frequency

by moving particles) as a Gaussian lineshape, 14
2 =12
I o exp| -2V =Y\ vy 5
kT (Vo /) g N
3 This is called Doppler broadening of a 2 . /N
line. The peak is at w = w, and the rms 2 oa ]
width is Vo kBT 1 kBT Q o2 |
Orms = M = A M T 0 20 20
¢ 0 Frequency Offset (Arb. Unit)

8
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Doppler Shift in Absorption

- vcoso
Aw=w-w,=-k'v=-0, (12.13)
C
—_ —_ 1
O—V V0 A
]_é ] S o8
£
. . <
Emitter and receiver move < os
towards each other: &
E 04 L
-Blue shift in perceived E
radiation frequency 3 |
-Red shift in absorption o et NN,
-60 -40 -20 0 20 40 60
peak Frequency Frequency Offset (Arb. Unit)

 The velocity measurements of lidar, radar, and sodar all
base on the Doppler shift principle ! 9
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Doppler Broadening in

Resonance Absorption Lines
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Doppler Shift and Broadening in
Resonance Fluorescence

 When an atom emits a resonance fluorescence photon, the photon has
Doppler shift relative to the center freq. of the atomic absorption line as

- Vv W — Wy V—VO
(1)=(1)0+k'v=(1)0 1+—R -VR= =
C (l)o/C Vo/C

d According to the Maxwellian velocity distribution, the relative probability
that an atom/molecule in a gas at temperature T has its velocity component
along the line of sight between v, and vy+dvy is

P(vyp = v +dvy) < exp(—Mvy /2k,T)dv,

J Substitute the v, equation into the Maxwellian distribution,

M(v — vo)2
kT (Vo /c)?

I o< exp(— )(c /vo)dv

[ Therefore, the rms width of the Doppler broadening is

Gr ms

11

1 .
=vo/cAlkgT /M =%\/kBT/M 1 time
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Doppler Shift in Rayleigh Scattering

(] Refer to textbook 5.2.2.4 Lidar wind vs radar wind measurements

Momentum Conservation mv, + hk = mv, + hk, }
—>

. 1 1
Energy Conservation Em\ﬁz +ho, = Em\’g +hw,
- . hkl  hk;

2m  2m

J For Rayleigh or radar backscatter signals, we have
I_{>2 ~ —l_{; {;2 =~ {;1

[ The frequency shift for Rayleigh or radar backscattering is

>

Aa)Rayleigh backscatter — W — W = _Zkl "V

i i
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Doppler Broadening in Rayleigh Scatter

[ To derive the Doppler broadening, let’s write the Doppler shift as

2vp Wy —W Vy—V
2(1)0/6' 2VO/C

J According to the Maxwellian velocity distribution, the relative
probability that an atom/molecule in a gas at temperature T has its
velocity component along the line of sight between v, and vi+dvy, is

P(vp = vp+dvy) exp(—le,ze /2kBT)dvR

J Substitute the v, equation into the Maxwellian distribution,
M(vy - v)2
2kgT(2v,y/c)*
[ Therefore, the rms width of the Doppler broadening is

2
Oy =2VO/C\/kBT/M =A_\/kBT/M 2 times !

0 13

(c/2vy)dv

[ x exp(—




Doppler‘ Effect in Rayleigh Scattering

d In the atmosphere when aerosols present, the lidar returns contains

S P
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a narrow spike near the laser frequency caused by aerosol scattering

riding on a Doppler broadened molecular scattering profile
2 , ;

At T = 300 K, the Doppler
broadened FWHM for
Rayleigh scattering is

2.58GHz, not 1.29GHz.

Why?

Because Rayleigh
backscatter signals have

2 times of Doppler shift!
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Fig. 5.1. Spectral profile of backscattering from a mixture of molecules and aerosols

for a temperature of 300 K. The spectral width of the narrow aerosol return is normally
determined by the line width of the transmitting laser.

Courtesy of Dr. Ed Eloranta
University of Wisconsin
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Resonance Fluorescence Doppler
versus Rayleigh Doppler

 Atomic absorption lines provide a natural frequency analyzer or
frequency discrimination. This is because the absorption cross section
undergoes Doppler shift and Doppler broadening. Thus, when a narrowband
laser scans through the absorption lines, different absorption and
fluorescence strength will be resulted at different laser frequencies. By
using a broadband receiver to collect the returned resonance fluorescence,
we can easily obtain the line shape of the absorption cross section so that
we can infer wind and temperature. There is no need to measure the
fluorescence spectrum. - Resonance fluorescence Doppler technique

1 Rayleigh scattering also undergoes Doppler shift and broadening,
however, it is not frequency discriminated. In other words, when scanning a
laser frequency, the backscattered Rayleigh signal gives nearly the same
Doppler broadened line width, independent of laser frequency. Thus, the
atmosphere molecule scattering does not provide frequency discrimination. A
frequency analyzer must be implemented into the lidar receiver to
discriminate the return light frequency, i.e., analyze Rayleigh scattering
spectrum fo infer wind and temperature. - Rayleigh Doppler fechnique 15
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Resonance Fluorescence depler'
versus Rayleigh Doppler

O How will the lidar return signal strength (vs. laser frequency) change
when the lidar receiver is broadband and we scan the narrowband laser
frequency - in resonance fluorescence case and in Rayleigh scattering case?
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S PROF. X
Fringe Imaging
J Fringe imaging is to use high resolution Fabry-Perot etalon to image

the lidar returns, i.e., turn spectral distribution to spatial distribution.

J Fringe width is used to derive temperature

a ()‘

Signal Intensity
>
/

J Diameters of the circles give the Doppler shift when compared
with a known wavelength fringe, while the fringe width is an
indication of Rayleigh temperature.

1 Current issues: suffer low signal levels above 50 km because of
decreasing atmospheric density and “waste” of photons in fringes.;;
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Edge Filter

J Edge filter is to use either high resolution Fabry-Perot etalons or
atomic/molecular vapor cell filters to reject part of the return spectra
while passing the other part of the spectra to two different channels.
The temperature information is then derived from the ratio of signals
from these two channels.

Lidar signal vs. etalon transmission

T T T | N S (TP V)
Lock ; : : : =
=2 e [ Asrosel spectiim T Ny & fur(T,PVp)

— Rayleigh

| U

15 " Rayleigh speatrum

T Locking fiter: Y
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& Doppler Effects in Fe Boltzmann Lidar
d Pure Fe signal and pure Rayleigh signal in Fe region are

P; (A) At
hc/A

A
)[O’eﬁc (AT,0p )RB;LnFe(z)]Az( ppu )(Ta2 ()L)TC2 ()L,z))(n()»)G(Z))

NFe()L,Z) = ( Tz

d Pure Rayleigh signal in molecular scattering region is

P, (M)At A
he/ A

T, (A zx)(M(M)G(zR))

2
<R

Ng(A,zg) =( )[GR (7, A)ng (ZR)]AZ

d From physics point of view, the normalized Fe count is

N, (A,2) _ Oy (A.T,0)Rp;np,(A,2)
N (A, z2)T7 (A,2) 40 R (A)ng(zg)

NNorm ()L’ Z) =

(d Note that for the two channels (372 and 374 nm) of Fe Boltzmann lidar,
Boltzmann factor is in the Fe number density, while both effective cross-
sections (coefficients) experience Doppler shift and Doppler broadening.

[ The particles (atoms or molecules) on each energy level have a velocity
distribution given by Maxwell velocity distribution, while the total
population of each energy level obey the Boltzmann distribution law. 19
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Doppler Effects in Fe Boltzmann Lidar

J For two channels of Fe Boltzmann lidar,

_ NFe(Agn,Z) _ O off ()\’372’T’GL)RBAWZnFe (1’372’Z)
NNorm (1’372’Z) - 2 -
Nr(A375, 2T (A375,2) 470 g (A372,)np(2g)
_ N, (Ay74,2) Oy (M334.T,0 )Ry, npe(Agyy,2)
NNorm(AS74’Z) - 2 -
N (374,217 (A374,2) 470 r (As74,)n5(25)
_ NFe(A'z,74,Z) _ Geﬁ‘ ()\374’T’GL)RBAB74nFe(A'372’Z) I 0) CXp(—AE/k T)
Nr(A37425 )Tc2 (A37452) 40 R (As74,)05(28) 81 ?

d Take the Boltzmann temperature ratio as

40117
Nyorm(A374.2) &2 Rp3ys (7%74) Oofr (A3745T,01.374)

= exp(—AE /kBT)
Nyorm(A372:2) &1 Rp3p Oop (A372,T,01,372)

R _
(2 370

 Using the Fe atoms in the MLT as an “Fe vapor cell”, if we scan the laser
frequency of a single channel of Fe Boltzmann lidar, we will see a
convoluted Doppler broadening of the return Fe signals. This wavelength
scan can be used to infer temperature if the laser lineshape is well known,

or can be used to infer the laser lineshape if the temperature is known.
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b Doppler Scanning Technique

P, (M)At A 2 2
Ny, (Mz2) =| L O (M A MNT,”(MT.”(h,2)G
Na3-) = = T (O a2 Z)(4m2)(n( T, (W (1,2G(2))
P, (A)At A
N,(Az,) = L) (GR(JT,)\.)I’ZR(ZR)AZ) — (n()»)Taz()»,zR)G(ZR))
hC/)\. Zp
C(z) Ny, (\,2) B U Bomioan o 16 sAPRes
e (M2) = 5 e o] FBHY
Tc (KaZ) NRO\’ZR) |
where C(z)= GR(”’MnR(ZR)MZZ £
Ny, (2) <R g2 47

Least-square fitting gives temp o
[Fricke and von Zahn, JATP, 1985] :>

—-2.0 -1.0 0.0 1.0 2.0
Relative wavelength (pm)

21
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Scanning Na Lidar Results

U. Bonn LIDAR (69°N 16°E) 3. April 1984
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Various Physical Interactions and
Techniques are Applied to Doppler Tech

 When resonance absorption and fluorescence is available (not quenched),
the resonance Doppler lidar can be employed to probe Doppler broadening
and Doppler shift. It can be atomic resonance fluorescence or molecular
resonance fluorescence in the upper atmosphere.

O If molecular absorption is available, then DIAL lidar can be employed to
infer the Doppler broadening in molecular absorption for temperature. This
is doable in the lower atmosphere.

J Rayleigh scattering experiences Doppler broadening, so it can be
measured using various techniques (e.g., edge filter, interferometers, etc.)
to infer the temperature.

[ High-spectral-resolution lidar (HSRL) can help remove aerosol
contamination to reveal Doppler broadening for temperature.

d Vibrational-rotational Raman scattering should experience similar Doppler
broadening as Rayleigh scattering, but it has shifted frequencies of refurn
signals, which may help avoid the contamination of aerosol scattering to
Rayleigh scattering. 23
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Summary

d It is accurate to say that absorption or backscatter coefficient
experiences Doppler broadening, while single atom/molecule experiences
Doppler shift. The velocity distribution of particles brings in the Doppler
broadening in an assembly.

(1 Doppler technique utilizes the Doppler effect (frequency shift and
linewidth broadening) by moving particles to infer wind and temperature
information. It is widely applied in lidar, radar and sodar technique as
well as passive optical remote sensing.

J Absorption experiences 1 time Doppler shift and broadening, while
Rayleigh and radar scattering experiences 2 times of Doppler shift and
broadening.

] Doppler effects also exist in Fe Boltzmann lidar, where the population
on each energy level obeys Maxwellian velocity distribution, while the
total population of each energy level obeys Boltzmann distribution law.

[ Resonance fluorescence Doppler lidar technique applies scanning or
ratio technique tfo infer the temperature and wind from the Doppler
spectroscopy, while the Doppler spectroscopy is inferred from intensity
ratio at different frequencies. 24



